Background Application of surgical navigation for pelvic bone cancer surgery may prove useful, but in addition to the fact that research supporting its adoption remains relatively preliminary, the actual navigation devices are physically large, occupying considerable space in already crowded operating rooms. To address this issue, we developed and tested a navigation system for pelvic bone cancer surgery assimilating augmented reality (AR) technology to simplify the system by embedding the navigation software into a tablet personal computer (PC). Questions/purposes Using simulated tumors and resections in a pig pelvic model, we asked: Can AR-assisted resection reduce errors in terms of planned bone cuts and improve ability to achieve the planned margin around a tumor in pelvic bone cancer surgery? Methods We developed an AR-based navigation system for pelvic bone tumor surgery, which could be operated on a tablet PC. We created 36 bone tumor models for simulation of tumor resection in pig pelves and assigned 18 each to the AR-assisted resection group and conventional resection group. To simulate a bone tumor, bone cement was inserted into the acetabular dome of the pig pelvis. Tumor resection was simulated in two scenarios. The first was AR-assisted resection by an orthopaedic resident and the second was resection using conventional methods by an orthopaedic oncologist. For both groups, resection was planned with a 1-cm safety margin around the bone cement. Resection margins were evaluated by an independent orthopaedic surgeon who was blinded as to the type of resection. All specimens were sectioned twice: first through a plane parallel to the medial wall of the acetabulum and second through a plane perpendicular to the first. The distance from the resection margin to the bone cement was measured at four different locations for each plane. The largest of the four errors on a plane was adopted for evaluation. Therefore, each specimen had two values of error, which were collected from two perpendicular planes. The resection errors were classified into four grades:
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Introduction
Even with improvements in cancer treatment, patients with a malignant bone tumor in the pelvis are at a higher risk of having treatment failure (eg, recurrence, metastasis, death) than patients with cancer of the extremities [8] . The goal of surgery is to obtain a wide margin because marginal or intralesional resections are one of the important adverse prognostic factors for overall survival of patients with bone cancer in the pelvic girdle [14] . However, because of the complexity of pelvic anatomy, and the proximity of internal organs and large neurovascular structures, these adequate margins can be difficult to achieve. Recently, several preliminary reports have suggested that surgical navigation in pelvic bone cancer surgery may improve oncologic and functional outcomes [6, 8, 9] . Nevertheless, the size of the navigation unit in an already crowded operating room, the somewhat cumbersome process, and the additional time and cost all are impediments to adopting surgical navigation in bone cancer surgery [10] .
To address this issue, we developed an augmented reality (AR)-based navigation system for bone tumor resection, which is operated on a tablet personal computer (PC) platform. Augmented reality is an overlay of information over real-world imagery and in the medical field, the information is usually radiologic data. Our goal in developing this system was to simplify its use by unifying the workstation and position tracker into a tablet PC. In this study, we evaluated AR-based navigation assistance in pelvic bone tumor resection through the simulation of bone tumors in a pig pelvic model.
In this report, we specifically asked: Can AR-assisted resection achieve reduced errors in terms of planned bone cuts and improve ability to achieve the planned margin around a tumor in pelvic bone cancer surgery?
Materials and Methods

Development of the AR-based Navigation System
A conventional navigation system is composed of an optical position tracker, a display, and a workstation. Our ARbased navigation system used a tablet PC (Surface Pro 3; Microsoft, Redmond, WA, USA), which had simultaneous roles as a workstation/display and a position tracker (Fig 1) . A single camera embedded in the tablet PC was used as the tracker. The positions of the target object were calculated based on images captured by the camera. To track the position of the target object and surgical instruments, cuboidal reference markers were used, which had featured square patterns with binary code [13] . The camera should be calibrated before using for pose estimation. Zhang's camera calibration algorithm to obtain calibrated camera parameters was used to estimate the pose of the cuboidal reference marker from the camera [20] . The segmentation and registration methods of this study were the same as for a typical navigation system, except our system used radiologic data and images captured by a single camera for paired point registration, and a typical navigation system uses radiologic data and a real human body. Our AR-assisted navigation system can demonstrate tumor extent by overlaying radiologic data on a real-world image. In addition, we developed a method to display the safety margin and to visualize and guide the resection plane in real time by adopting a threedimensional (3-D) dilatation technique, by which the volume of an object can be expanded keeping the original contour. The separation of the dilated model from the original tumor volume indicated the planned safety margin.
Production of the Bone Tumor Model and Simulation of Resection
We created a simulated tumor by inserting bone cement into the acetabular dome of a pig. Tumor resection was simulated in two scenarios. The first was AR-assisted resection by an orthopaedic resident and the second was resection using conventional methods by an experienced orthopaedic oncologist without AR assistance (H-SK). The orthopaedic oncologist has performed more than five internal hemipelvectomies per year for > 10 years. Thirty-six pig pelves of unknown age were purchased from a butcher. This study was approved by the institutional animal care and use committee of our hospital (No. BA1506-178/036-01). A cortical window was created on the medial wall of the acetabular dome of the pig pelves and bone cement (DePuy CMW, Blackpool, UK) was inserted to simulate a bone tumor; CT scan was used to evaluate the extent of bone cement. The amount of bone cement inserted ranged from 3 to 10 mL (Fig. 2) .
Resection was planned with a 1-cm safety margin around the bone cement. The 36 pig pelves were assigned to the AR-assisted resection group (n = 18) and the conventional resection group (n = 18). In the AR-assisted resection group, resection was performed with AR assistance along the 1-cm dilated tumor contour line. In the conventional resection group, resection was performed with discernment of tumor extent based on the CT image by an expert orthopaedic oncologist (H-SK) as per routine practice.
Evaluation of Resection and Comparison of ARassisted and Conventional Groups
All specimens were sectioned twice through a plane parallel to the medial wall of the acetabulum and a plane perpendicular to the former plane. Resection margins were evaluated by another orthopaedic surgeon (MSP) who was blinded to the type of resection. The distance from the resection margin to bone cement was measured at four separate locations (Fig. 3) . The difference between the obtained surgical margin and the planned surgical margin (1 cm) was regarded as the error of resection. The largest of the four errors was taken to be the error for that plane. Therefore, each specimen had two values of error, which were collected from two perpendicular planes. The resection errors were classified into four grades: # 3 mm; 3 to 6 mm; 6 to 9 mm; and > 9 mm or any tumor violation.
Statistical Analysis
A sample size calculation showed that 36 pig pelves would be required at a significance level of 0.05 and 85% power assuming an effect size of a 2-mm difference in the resection error. This was the difference we wished to be able to detect between the study groups (mean 6 SD, 2 6 2 mm for the AR group compared with 4 6 2 mm for the conventional resection group). Student's t-test was used for statistical comparison of the mean resection errors of the two groups. Difference of error distribution was assessed by Fisher's exact test.
Results
AR assistance could help to achieve the planned margin. The mean of 36 resection errors of 18 pelves in the ARassisted resection by an orthopaedic resident was 1.59 mm (SD, 4.13 mm; 95% confidence interval [CI], 0.24-2.94) and the mean of 36 errors of the conventional resection by an orthopaedic oncologist was 4.55 mm (SD, 9.7 mm; 95% CI, 1.38-7.72; p < 0.001). In the AR-assisted resection Volume 476, Number 9
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were # 3 mm, 13 (36%) were 3 to 6 mm, three (8%) were 6 to 9 mm, and five (14%) were > 9 mm or had tumor violation (Fig. 4) . The ability of a surgeon to obtain a 10-mm safety margin with a 6-mm tolerance was 100% in the AR-assisted resection group and 78% (28 of 36) in the conventional resection group (p = 0.005). Three of 18 pelves in the conventional resection group had tumor violation compared with none in the AR-assisted resection group although all of the AR-assisted resections were performed by an orthopaedic resident.
Discussion
Despite seemingly favorable attributes of surgical navigation in orthopaedic oncology, it has not been as popular as one might expect. These systems are large and expensive, and thus experienced surgeons may be reluctant to crowd an already busy operating room with a further piece of equipment [10] , particularly given that the research on the efficacy of these approaches is best described as nascent [8, 9] . To address the first concern (that is, to try to reduce the physical presence of these systems in the operating room), we developed an AR-based navigation system, which is embedded in a tablet PC, and evaluated the usefulness of the system in pelvic bone cancer in an in vitro experimental study with a pig pelvic bone tumor model. In the ARassisted resection group, all (100%) of the resections were performed within a 6-mm tolerance, whereas only 78% (28 of 36) were in the conventional method resection group. The study had a number of limitations. First, this study was an experimental study with pig pelvic bones ex vivo. All pelvic bones used in this study were purchased from a butcher in skeletonized condition. Our model was designed as a proof of concept; whereas our findings do not justify a clinical trial in humans, they do substantiate the need to try to use this system in a live animal model, which will be our next experiment. Second, the bone tumor model was produced with bone cement. Most bone cancers have an aggressive growth pattern and edema around the lesion and it is hard to define the extent of the tumor. With tumor simulation with bone cement, the tumor had a well-defined border. Although determination of the tumor border is a planning concern in an actual operation, this study aimed to evaluate the usefulness of AR assistance in the performance of a planned resection, and we believe bone cement worked well to allow us to measure margins. Third, we had two differently trained persons perform the resection with AR (trainee) in comparison to the conventional resection by an experienced surgeon. The comparison would be more reasonable if the operators were consistent to account for variation in technique and to reduce variables. However, pelvic bone cancer surgery is not so frequent that it is hard for a surgeon to be experienced. Two senior authors of this study have performed pelvic bone cancer surgery for > 10 years. Only one of them was blinded for what he had performed during the experiment because the other designed and directed the study. Comparison between ARassisted resection and conventional navigation-assisted resection/freehand resection by experienced surgeons would be necessary to address this issue. Volume 476, Number 9
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Augmented reality has been used in many fields including medicine, education, and entertainment [2, 15, 17] . AR is defined as a direct or indirect view of a real-world environment whose elements are augmented by computergenerated information and, in a surgical field, the information usually means radiologic data. The adoption of AR technology has been reported to be successful and promising in neurosurgery, otolaryngology, and maxillofacial surgery [1, 11, 12] . One might therefore expect that the same technology could be useful in orthopaedic oncology. In orthopaedic oncology, the potential utility of surgical navigation has been demonstrated in many studies [5-9, 18, 19] , although most of them are uncontrolled observational studies. An experimental study by Cartiaux et al. [4] demonstrated that only approximately 50% of experienced surgeons performed tumor resection with a 5-mm tolerance in pelvic bone cancer surgery with conventional methods. They suggested that the use of navigation-assisted technology could be helpful for pelvic ring cancer surgery. Nevertheless, most experienced surgeons are reluctant to use a navigation system reasoning that most limb-preserving surgery can be performed without the help of navigation and that the additional time, cost, and effort are not justified [16] . In addition, the size of the navigation unit in an already crowded operating room and somewhat cumbersome process may hinder its use in bone cancer surgery [10] . We developed an AR-based system that is housed in a portable tablet PC, which in this pig model using simulated tumors seemed to reduce the size and number of resection errors. In addition, with the system, a less experienced surgeon made better resections than a more experienced surgeon did by conventional methods.
The AR system of this study consists of a tablet PC, some instruments (reference frame/probe), and the AR software. The reference frame and probe were produced by 3-D printing and the AR software was developed by two authors of this study (HC, JH) using open source software, which needed no additional cost. Our AR system needs conventional CT images as a classic navigation system does. The basic principles of AR navigation of this study were the same as for the conventional navigation system, except our system used CT data and images captured by a tablet PC and a typical navigation system uses CT data and a real human body. The difference between the two systems is projection of two-dimensional images onto a 3-D object in the AR system, which may involve image distortion. Besharati and Mahvash [3] compared the accuracy of an AR system with that of a conventional navigation system for localization and size measurement of a brain tumor. They reported that any projection of an image causes image distortion in an AR system, particularly at the outer border of the projection, and the lowest grade of distortion exists in the center of the projection axis. Despite the image distortion in the AR system, they concluded that it was possible to visualize the brain tumor with a mean projection error of 0.8 6 0.25 mm. Future studies will likely further reduce the mean projection error in AR systems by compensating for this distortion.
In summary, we developed a new navigation system for pelvic bone cancer surgery assimilating AR technology to simplify the system by embedding the navigation software into a tablet PC. The AR-based navigation system provided additional information on the tumor extent and may help surgeons during pelvic bone cancer surgery without complex, cumbersome, conventional navigation systems. Our model was designed as a proof of concept; although our findings do not justify a clinical trial in humans, they do substantiate the need to try to use this system in a live animal model, which will be our next experiment.
